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A B S T R A C T   
Surface treatments, especially hydrophobic agents to prevent water ingress and consolidants able to fill decay- 
induced cracks, are often proposed as a method for preserving stone cultural heritage, however its use to pro-
tect concrete heritage is much less common. New products, specifically designed for concrete, have been 
developed. These products are based on alkoxysilanes that interact directly with the products of portland cement 
(OPC) hydration (essentially Ca(OH)2 and C-S-H) to generate additional C-S-H gel. 
This study assesses the effect of an impregnation treatment, based on alkosysilanes, on artificially decayed 
cement mortars, in terms of product penetration depth, changes in the porosity of mortars and changes in its 
mechanical strengths. Reduced porosity and enhanced mechanical strength attested to treatment efficacy. 
Substrate porosity and pore size distribution were not the only factors found to condition treatment effectiveness, 
however, mineralogical changes caused by the deterioration processes (such as the presence or absence of 
portlandite, or the presence of salts) modify the sol gelling time and the substrate surface energy, impacting 
treatment penetration depth.   
1. Introduction 
Concrete structures are known to undergo a number of types of 
deterioration. Fair-faced concrete is obviously more susceptible to decay 
than when painted or coated, especially in coastal areas (e.g. rebar 
corrosion) and regions characterised by extreme day/night temperature 
differences (e.g. cracking by freeze–thaw cycles, increasing porosity…), 
severe pollution or the presence of aggressive chemical agents (e.g. 
black crust formation…)[1-5]. 
The strategies most commonly deployed today to retard concrete 
deterioration are implemented during its manufacture and include 
reducing porosity, lowering the water/cement (w/c) ratio and 
strengthening the nanostructure with nanoparticles. However, in the 
case early twentieth century concrete buildings, little heed was paid to 
the critical parameters that raise the long-term performance of concrete, 
such as the w/c ratio and the thickness of the concrete cover (in rein-
forced concrete structures), because decay mechanisms were still poorly 
understood at the time. 
Surface treatments are a used procedure to effectively prevent or 
retard aggressive substance ingress in concrete [6-10]. The most 
prominent such treatments include hydrophobic impregnation products 
that prevent water ingress without blocking pores, protective coatings 
and impregnation products, that reduce porosity by filling decay- 
induced pores or cracks and increase the material cohesion (con-
solidant effect). 
For an impregnation treatment to be effective as a consolidant, it 
must penetrate the damaged substrate’s pore system to a sufficient depth 
to restore the surface properties to their original condition. A proper 
prediction of the penetration depth on altered materials proves chal-
lenging, since it depends not only on the properties of the treatment 
applied (i.e. viscosity, surface tension, density and polymerization time) 
but also on the characteristics of the substrate: surface energy, porosity, 
pore size distribution and composition. Nowadays, the most common 
products used for consolidation generally have an alkoxysilane, such as 
tetraethyl-orthosilicate (TEOS) [11-15], whose physical properties 
favour penetration in most porous materials. Furthermore, research on 
the surface consolidation of natural stone has fully established that 
alkoxysilanes perform well in siliceous rock characterised by surface 
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silanol groups that chemically bond to the treatment, whereas it is less 
effective in calcareous rock. It is well established [13]that when alcox-
ysilanes type TEOS, penetrated in a silicon substrate, first undergoes 
hydrolysis (See Eq. (1)) forming silanol groups (Si-OH) and ethanol , 
which is easily evaporate without damage in the structure :  
Si(EtO)4 + 4H2O → Si(OH)4 + 4Et(OH)↑                                           (1) 
After the hydrolysis, condensation takes place inducing the forma-
tion and precipitation of an amorphous silica gel that fills the pores in 
the substrate [13]. In siliceous materials, the hydrolysed silanol groups 
may interact with the Si-OH groups in the substrate (Supplementary 
Material), partially restoring the natural binder that fell away during 
decay and reconnecting loosened mineral grains, with a consolidating 
effect and an appreciable increase in the material mechanical strength 
[13]. 
Characterised by a very particular composition and porosity, con-
crete differs widely from natural stone. On the one hand, the small 
diameter of part of its pore system (<100 nm pores) hinders the sol 
penetration due to the influence of viscous drag forces [16], while on the 
other hand, the system itself contains a saturated solution of portlandite 
(Ca(OH)2) and a pH of over 12.5, which greatly accelerates the sol–gel 
reaction rate (i.e. the sol has less time to advance through the pores). In 
addition to these factors, the differences between concrete and stone 
mineralogy can promote different interaction mechanisms with the 
alkoxysilanes by reaction with the hydration phases, as the exception-
ally high pH of the pore solution promotes a high solubility of the 
hydrolysed Si(OH)4 intermediates (>20 mmol/l at pH 10.5 and quickly 
increasing in more basic media) [17], which in turn are able to interact 
with the Ca2+ ions [18] and the hydration phases. Recently, we devel-
oped an innovative impregnation product consisting on a silica oligomer 
able to produce new C-S-H gel by polymerization of the silanol groups 
resulting from the hydrolysis step (Equation (1)) with the Ca2+ ions in 
the pore water in cement, consuming portlandite in the process (Equa-
tion (2)), but also able to interact with the C-S-H gel generated in OPC 
hydration (Equations (3)) [19].  
Ca(OH)2 (OPC hydration) + Si(OH)4 (TEOS hydrolysis) → C-S-H gel    (2)  
C-S-H gel (OPC hydration) + Si(OH)4 (TEOS hydrolysis) → C-S-H gel* (3) 
(*more polymerized than the OPC hydration product) 
As these C-S-H gels also have free Si-OH groups, their co- 
condensation with either the SiO2 xerogels or the quartz aggregates by 
formation of Si-O-Si bonds is expected to increase the cohesiveness of 
the cementitious materials components. In a similar fashion, the co- 
condensation reactions can occur between the Si-OH groups and the 
terminal Al-OH (forming Al-O-Si bonds) from aluminium-containing 
phases [20], present in the cement matrix (e.g. ettringite, katoite, 
monocarboaluminate). Additional studies of the alkoxysilanes reactivity 
in the presence of cement hydration phases [21] revealed that, under 
high pH conditions, they are able to undergo chemical reaction with Al- 
containing phases generating new structures, including reticulated 
aluminosilicate gels in the presence of ettringite, amorphous Al-Si 
structures with katoite or alumina gels with monocarboaluminate. 
Aside from the chemical interactions with the cement matrix, the 
penetration depth of the impregnation product was thoroughly studied 
and the correlation between the penetration depth and physical pa-
rameters was established using the Monte-Carlo methodology [16]. 
Although the evaluation of impregnation treatments on healthy 
cementitious materials is commonplace and can provide a general idea 
about their effectiveness, it may not be sufficiently representative of 
their actual field applications, where the concrete structures have suf-
fered structural and chemical changes due to exposure to weathering 
processes. What is more, concrete structures, depending on the type of 
decay process, can show different microstructure (porosity and pore size 
distribution) and mineralogy (presence/absence of secondary phases, 
such as portlandite). In general, total porosity and mean pore size 
generally rise with concrete age, favouring the penetration. However, 
the changes in its mineralogy are not as predictable, since they simul-
taneously affect factors such as pH, reactivity with the products and 
surface energy. Predictions on these systems become even more complex 
when we take into account how decay agents generate a heterogeneous 
degradation profile through the materials depth, as the extent of alter-
ations/damages depends on factors such as carbonation depth, pene-
tration of the aggressive species, temperature gradients, etc. As such, the 
mineralogical, physical and chemical properties may not be constant 
through the whole material. Thus, as these impregnation treatments 
interact with the products of cement paste hydration, their polymeri-
zation rate is affected by pH of the pore solution [11], and their pene-
tration and consolidant effectiveness also depend on the physical/ 
mechanical properties of the substrate, a more thorough understanding 
is needed of how the consolidant is affected by the ageing-induced 
changes in C-S-H gel and other compounds resulting from cement hy-
dration, aside from the structural changes. 
Starting from this premise, the scope of this paper is to study the 
performance of an alkoxysilane-based impregnation treatment, synthe-
tized by a surfactant-assisted process described in prior works [22], on 
artificially decayed mortars, aged by different accelerated processes 
simulating common decay mechanisms of cementitious materials. These 
decay mortars will show different microstructure and minerology that 
would affect its interaction with the impregnation treatment and, 
therefore, may affect its behaviour and overall performance. This study 
address the impregnation treatment effectiveness in terms of differences 
in product uptake and penetration, porosity changes and mechanical 
performance. 
2. Experimental 
Both the proportion of portland cement in concrete and the 
composition and particle size distribution of the aggregate used in 
concrete structures vary widely and depend on material availability at 
any given worksite in addition to design characteristics. Such concretes 
share the bonding capacity and strength of the respective cement paste. 
In this study the system was simplified by preparing and curing a single 
CEM I-42.5 mortar as recommended in European standard EN-196–1 
and exposing the materials to a number of ageing trials. The aim was to 
modify their mineralogy, microstructure and properties to assess the 
penetrability and degree of interaction of new alkoxysilane-based 
treatments in aged specimens. 
2.1. Preparation of standard OPC mortars 
Prismatic OPC mortar specimens (4 × 4 × 16 cm3) were prepared as 
specified in European standard EN 196–1 [23] using CEM I 42.5R 
cement (Table 1), CEN-compliant sand at a ratio of 1/3 and a w/c ratio 
of 0.5. Although no demoulding product was applied, the inner surface 
of the mould was coated with a self-adhesive film. 
Standard mortars were cured under water at 21 ◦C for 28 days and 
then oven-dried at 40 ◦C for 4 days. These mortars are used as OPC 
reference (REF). 
2.2. Ageing 
The aforementioned standard mortars were aged using different 
types of artificial decay processes decay, simulating common decay 
mechanisms of cementitious materials:  
• Series 1: physical decay-induced ageing: a) freeze/thaw (F/T) 
(series 1.1) or (b) wet/dry (W/D) (series 1.2) cycles (in an attempt to 
crack the mortar) 
Series 2: chemical decay-induced ageing: a) carbonation (C) 
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(series 2.1); b) sodium chloride crystallization (NaCl) (series 2.2) to 
simulate decay in monuments located in urban, industrial and coastal 
areas. 
The curing process for these aged mortars was as follows: the mortars 
for the physical and Cl- -mediated decay were cured under water at 21 ◦C 
for 28 days and then oven-dried at 40 ◦C for 4 days (same curing process 
than the OPC reference mortars). Mortars prepared for carbonation- 
induced ageing were stored in sealed plastic bags at 21 ◦C for 28 days 
to ensure 100 % relative humidity and prevent any contact with atmo-
spheric CO2. After the curing mortars were aged using the protocols 
described briefly below:  
• Series 1.1 freeze/thaw. Samples were aged in a climatic chamber as 
specified in standard ASTM C-666 [24]. The 6 h cycles consisted in 
lowering the temperature from 4 ± 2 ◦C to –18 ± 2 ◦C in 0.5 h, 
keeping the specimens in air at the latter temperature for 2.5 h and 
then raising the temperature from − 18 ± 2 ◦C to 4 ± 2 ◦C in 0.5 h, 
followed by soaking in water at the latter temperature for 2.5 h. 
Specimens were exposed to a total of 28 cycles, i.e., for 1 week.  
• Series 1.2 wet/dry cycles. Specimens were soaked in water for 15 h 
and then oven-dried for 8 h (1 cycle = 15 h in water + 7 h in oven at 
temperatures higher than 100 ◦C) [25]. The conditions under which 
the 145 cycles were performed are listed, in Supplementary Material 
(SP).  
• Series 2.1 carbonation. The cured samples were aged in a CO2 
incubator at 2 % CO2, 25 ◦C and Relative Humidity (RH) = 80 % for 
4 months, after which they were removed and prepared for charac-
terisation. Although the special curing conditions deployed ensured 
the mortar specimens exhibited no carbonation front prior to ageing, 
at the end of the 4 months the front was 10.2 mm deep.  
• Series 2.2 Sodium chloride crystallization. Mortars were soaked 
in an NaCl-saturated solution (35.7 g/100 cc H2O) for 48 h and then 
oven-dried at 105 ◦C for 24 h [26]. After four full cycles, the speci-
mens were desalinated by soaking in deionised water for 2 weeks, 
during which the water was refreshed every 24 h. 
During ageing the specimens were examined visually and ultrasonic 
pulse velocity (USV) measurements were taken (supplementary mate-
rial). In general term, accelerated ageing was detained when a drop in 
the mechanical strengths was observed (See Untreated mortars in Fig. 1) 
and/or when the USV reading varied by over 15–20 %. In contrast, given 
the absence of such change in the wet/dry-aged mortars, in series 1.2 the 
procedure was continued through a total of 145 cycles. 
2.3. Characterization of the changes induced by ageing 
The mortars aged as described above were subsequently tested for 
compressive strength on an Ibertest (Autotest-200/10-SW) test frame (3 
replicates per series). To characterise the samples a 10 mm thick section 
was removed from the unbroken half of each specimen along the outer 
surface exposed to attack (supplementary material). A 1x1x1 cm3 cube 
was cut out of the 4x1x1 cm3 section and used for microstructural 
characterisation on a Micrometrics AutoPore IV 9500 V1.09 pore sizer. 
The samples were soaked for 2 d in isopropanol and subsequently dried 
in a desiccator (7d) prior to analysis. 
In order to obtain an enriched cement paste to facilitate character-
ization of the hydration phases with less interference from the quartz 
(sand) aggregate, the remaining part of the section was ground gently 
[rubbed/tapped] with a rubber cork, after which the larger grains of 
sand were separated from the resulting powder with an 88 µm sieve, 
[27]. The enriched fraction so obtained was submerged in isopropanol 
to detain hydration [28] and stored in sealed containers until 
characterised. 
A portion of the cement powder was attacked chemically to quantify 
the remaining quartz by diluting 1 g of the said cement powder in 65 ml 
of 22 v% HCl acid, heated in a sand bath for 10 min. The insoluble 
residue (IR) filtered out of the sample was then burnt at 1000 ◦C, 
weighted and analysed with FTIR to ensure that only quartz remained 
after the attack (the FTIR spectra for the post-attack residues can be 
furnished as supplementary material). In this procedure, both the 
anhydrous cement particles and the hydration products dissolved in the 
acid or burnt off (the insoluble residue), leaving only quartz from the 
sand. 
The enriched OPC paste remaining was analysed with X-Ray 
Diffraction (XRD) and Thermogravimetric analysis (TG/DTG) for 
mineralogy. X-ray diffraction patterns of the powdered samples were 
recorded on a Philips CuK radiation PW 1730 diffractometer, step- 
scanning at 2 ◦C⋅min− 1 and a 2θ angle of 2◦ to 60◦, using a 1◦
Table 1 
Chemical composition of Cem I 42.5 (% Oxides in weight) (XRF).  
Oxides CaO Al2O3 SiO2 SO3 MgO Fe2O3 Na2O K2O 
Wt % 62.98 5.63 18.72 3.05 0.87 2.68 0.04  0.85  
TiO2 SrO Cr2O3 Cl ZnO P2O5 LOI1 
Wt % 0.23 0.051 0.00 0.02 0.028 0.05 2.31 
Loss of ignition 1000 ◦C. 
Fig. 1. Flexural and compressive strengths in (a) untreated and (b) treated OPC standard and decayed mortars Values where an unpaired t-test showed significant 
differences between treated and untreated mortars are marked with * (p-value < 0.01) and ** (p-value < 0.05). 
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divergence slit, a 1◦ anti-scatter slit and a 0.1 mm receiving slit. Ther-
mogravimetric analysis was conducted on a Q600 TA SDT analyser in Pt 
crucibles (reference, empty crucible) with experimental conditions of 
30 ◦C to 1000 ◦C in an N2 atmosphere at a flow speed of 5 ◦C/min. 
The changes in the surface energy of the OPC paste were determined 
through contact angle measurements with two probe liquids of known 
surface tension: H2O (γlP = 26.3 erg⋅cm− 2, γlD = 46.5 erg⋅cm− 2) and 
CHCl3 (γlP = 0.0 erg⋅cm− 2, γlD = 27.5 erg⋅cm− 2). According to the Owens 
and Wendt theories [29] (i.e. geometric mean approach to the surface 
free energy), the solid–liquid contact angle can be expressed as a func-









= γl(cosθ + 1)/2  
γl = γDl + γ
P
l 
Where γS and γl correspond to the liquid and solid surface energies, 
and the superscript D and P correspond respectively to their dispersive 
and polar components. Contact angles were determined by the sessile 
drop method, using a video-based, software-controlled contact angle 
analyzer (OCA 15 plus, Data Physics Instruments). In order to minimize 
the influence of roughness and porosity over the static contact angle 
(SCA), the samples were prepared by compacting the enriched OPC 
paste powders into pellets [30]. 
2.4. Synthesis of the impregnation product 
The product was synthesised as described in earlier works [19,22]. 
Briefly, an oligomeric alkoxysilane (Wacker TES40 WN) was mixed at 
99.34 v% proportion, with 0.5 v% de-ionized H2O and 0.16 v% 
n–octylamine (Sigma-Aldrich), as a catalyst and surfactant, to a total 
volume of 500 ml. Afterwards, the mixture was blended in a Bandelin 
Sonopuls HD3200 homogeniser for 10 min at an amplitude of 74 %. 
According to its specifications, TES40 has an average 5Si-O units chain 
length and produces SiO2 at a rate of ~ 40 % of the original weight after 
full polymerization. The resulting sol from the synthesis was stored in an 
airtight vessel until its application on the substrates. 
2.5. Treatment of the mortars and evaluation 
The impregnation products were applied on both the sound and the 
artificially aged mortars. Prior to application of the product, all spec-
imen surfaces were polished with P180 sandpaper, rinsed with water to 
remove any dust and dried at 40 ◦C to a constant weight. This drying step 
was considered by taking into account the general recommendations for 
the field application of alkoxysilane and siloxane-based treatments on 
buildings, namely: temperature of 0–30 ◦C, air humidity of 20–90% and 
minimizing water content of the substrate, as it can hinder product 
absorption [31]. The product was sprayed in different layers onto the 
surface at a pressure of 2 bar at 2 s intervals until no further product was 
absorbed after 10 min, deemed as an indication of saturation. Uptake 
was determined as the difference in weight before and after application 
per area unit. 
The influence of the mortars mineralogy over polymerization rate of 
the product was studied by mixing the enriched OPC paste powders (see 
section 2.3) with the freshly synthetized product (0.07 g powder per 1 
ml product) and, after homogenization of the dispersions by mechanical 
stirring, casting 0.5 ml volumes in Ø 2 cm plates. Gel time was deter-
mined visually as the point where the sol stops behaving as a fluid. 
After application, the treated mortars were left to cure at room 
conditions (20 ◦C, 40% RH) for 28 days, which corresponds to the rec-
ommended time to ensure polymerization reactions of the product are 
complete. 
Penetration depth of the product on the different mortars was stud-
ied through qualitative analysis of Scanning electron microscopy (SEM) 
micrographs (registered in secondary electrons mode) of cross-sectional 
cuts, using a NanoSEM 450 microscope from the FEI Company, working 
at an acceleration voltage of 2.5 kV. Prior to the analysis, the samples 
were gold sputtered with a 5 nm thick layer. For this purpose, the 
penetration depth was estimated based on the morphological changes, 
observing where the structure became more compact and typical mor-
phologies of the polymerized sol [32] or its reaction products with the 
cementitious matrix [19] were identified. Elemental analysis of the Ca/ 
Si ratio by energy-dispersive X-ray spectroscopy (EDX) or micro X-ray 
fluorescence (µ-XRF) was deemed inconclusive due to interference of the 
aggregate and the similarity between the alkoxysilane reaction products 
and the cementitious matrix phases. 
Porosity changes after the treatment application were evaluated 
through Mercury Intrusion Porosimetry (MIP). For this purpose, a 4–5 
mm thick section was removed from the specimens along the treated 
surface. This sampling section was determined based on the lowest 
penetration values observed by SEM (i.e. in carbonated specimens), in 
order to ensure only regions where the product is present were analyzed. 
Fragments of this section were cut and used for microstructural 
characterisation. 
Finally, the consolidant performance of the treatment was evaluated 
by measuring the mechanical strengths (flexural and compressive) of the 
16x4x4 cm3 specimens, according to UNE-EN 196–1 standard [23]. 
3. Results and discussion 
3.1. Characterization of the artificially decay mortars. 
As it has been point out, the penetration and the uptake of the 
impregnation treatment will be dependent on the characteristics of the 
substrate (surface energy, porosity, pore size distribution and compo-
sition). Therefore, a proper characterization of the mortars before to 
apply the impregnation treatment (untreated mortars), not only from a 
microstructural point of view, but also from a mineralogical side, is 
essential to understand the future performance of the treatments. 
Changes in the properties of the mortars after the decay processes are 
shown below: 
3.1.1. Mechanical strenghts 
Fig. 1(a) shows the flexural and compressive strengths of the aged 
mortars to the values for the untreated reference mortar. The freeze/ 
thaw (F/T) and sodium chloride (NaCl crystallization) aged samples 
exhibited lower mechanical strength than the reference. In contrast, 
mechanical strength was higher in the specimens exposed to carbon-
ation than in the reference, as expected because the CaCO3 resulting 
from the reaction between Ca(OH)2 and CO2 filled the pores, producing 
a more compact cementitious material [33-35]. Contrary to expecta-
tions, wet/dry treatment not only induced no significant strength loss in 
the mortars, but after 145 cycles the flexural and compressive me-
chanical strengths shown similar values than the OPC reference which 
were 9 ± 0.32 MPa and 57.45 ± 1.14 MPa respectively (Fig. 1(a)). 
3.1.2. Porosity and pore size distribution 
Table 2 gives the porosity data for the reference and decayed mortars 
(Untreated samples). The post-ageing pore size distribution for all four 
series and the reference are depicted in Fig. 2. 
Total porosity increased in the F/T and W/D samples relative to the 
reference mortar (REF) (from ~ 12 % in REF to 14.55 % in F/T and 
14.76 % in W/D). The series 1.1 samples exhibited obvious frost dam-
age, attested to by pore size redistribution (Fig. 2). Ice induced damage 
by enlarging the pores, favouring water ingress in the microstructure 
which raised its saturation coefficient and with it the risk of further 
freeze/thaw damage [36]). Whilst the 0.1 to 0.01 µm range prevailed in 
the reference mortar, the F/T mortars exhibited two dominant ranges: 1 
µm to 0.1 µm and 0.1 µm to 0.01 µm (Fig. 2). 
The greatest rise in the proportion of pore size fractions in W-D 
mortars was observed for pores ranging from 10 µm to 1 µm and 1 µm to 
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0.1 µm (Fig. 2). That rise may have been associated with temperature- 
mediated ettringite decomposition, as discussed below in connection 
with the mineralogical characterisation of the mortar (Fig. 3), and the 
resulting five-fold reduction in the volume occupied by its crystals. The 
decline in the proportion of the pores < 0.01 µm in these mortars, 
associated with C-S-H, denoted alterations in gel structure. Changes in 
temperature may have also induced microcracking and portlandite may 
have partially dissolved during the test as a result of specimen 
moistening, further contributing to a rise in porosity. 
Despite the rise in porosity and the change in pore size distribution, 
mechanical strength remained essentially unchanged (Fig. 1(a)). The 
explanation for that apparent discrepancy may lie in the existence of two 
competing processes. On the one hand, porosity rose with mortar 
dissolution, expansion and contraction, and ettringite decomposition 
whilst on the other the experimental conditions (fairly high temperature 
and 15 h soaking per cycle) favoured hydration of the remaining 
anhydrous portland cement particles. That in turn generated more C-S-H 
gel, offsetting the effect of greater porosity. 
The behaviour in chemically aged mortars was completely different. 
No significant change was observed in total porosity (Table 2) in mortars 
exposed to Cl- penetration (series 2.2). A number of studies [37,38] has 
shown that the two mechanisms involved in the damage induced in 
concrete soaked in NaCl solutions are Ca2+ leaching and salt crystal-
lisation. Low NaCl concentrations may favour leaching, whereas at high 
concentrations it may be hindered due to lower portlandite solubility 
[39]. Given that here the mortars were soaked in a saturated NaCl so-
lution, leaching was unlikely. Changes in porosity might have been 
mediated by the formation of Friedel’s salt, which would fill the voids, 
altering the pore size distribution (Fig.s 2). Salt crystallisation may have 
a dual effect, filling pores and thereby enhancing mechanical strength, 
while inducing microcracking (Friedel’s salt) that would weaken the 
OPC paste [37]. In this study no substantial changes were observed in 
porosity in the Cl--aged mortar, while mechanical strength declined 
slightly, possibly as a result of salt formation. 
As noted in the methodology, the mortars prepared for carbonation 
were cured differently from the other specimens. In series 2.2, two areas 
of the specimens were analysed, the outer portion ((between the surface 
and the carbonation front, clearly defined by applying phenolphthalein, 
10.2 mm from the external surface) and the non-carbonated inner 
Table 2 
Total porosity in aged and reference mortars (untreated and treated).   
Mercury intrusion porosimetry values (MIP) 
REF Series 1.1 Freeze- thaw (F- 
T) 
Series 1.2 Wet-dry (W- 
D) 
Series 2.1 Carbonation 
(C) 
Series 2.2 NaCl Crystallization 
(NaCl) 
Untreated Total porosity 
(%) 





Treated Total porosity 
(%)  
9.81  12.39  10.40 6.39 –  10.37 
Total porosity reduction 18.12↓  14.86 ↓  29.53 ↓  24.25 ↓ – 12.82 ↓  
Fig. 2. Total porosity and pore size distribution (vol. % of pores) in reference 
and decayed OPC mortars (untreated samples) (outermost 10 mm) (Legend: 
REF: reference; F-T: freeze–thaw; W-D: wet-dry; Cl: NaCl. NaCl crystallization; 
Cin: carbonation (iner); Cout: carbonation (outer)). 
Fig. 3. XRD patterns for OPC pastes in the reference 
(REF) and aged mortars (Legend: e: ettringite 
(Ca6Al2(SO4)3(OH)12⋅26H2O) (COD 9012922); Hc: 
hemicarboaluminate (Ca8Al4CO16⋅22H2O) (COD 
2007668); Mc: monocarboaluminate (Ca4Al2(CO3) 
(OH)12⋅5H2O (COD 2007668) p: portlandite (Ca 
(OH)2) (COD 9000113); q: quartz (SiO2) (COD 
9005017); B: belite (C2S) (COD 1540704); c: calcite 
(CaCO3) (COD 9000113); Fs (Friedelś salt (Ca2Al 
(OH)6(Cl,OH)⋅2H2O) (COD 9009353) (k:Silicon 
substituted katoite/hydrogarnet; Ca3Al2(SiO4)(OH)8 
(COD 1–084-0917).   
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portion. As expected, porosity was lower in the carbonated than in the 
non-carbonated area (Table 3). Pore size distribution changes with 
respect to the one observed in the outer portion; The 0.1 µm to 0.01 µm 
range, predominant in the inner mortar, was considerably reduced in the 
outer area (Fig. 2), while the volume of pores lower than 0.01 µm in-
creases . This increase in the proportion of smaller pores can be 
explained due to larger pores are filled by the precipitation CaCO3, as a 
result of the reaction between Ca(OH)2 and CO2 [35] as well as by the 
increase of CSH content. 
3.1.3. Mineralogy 
The mineralogical and microstructural changes induced by ageing 
(prior to impregnation treatment application) were analysed with XRD 
and TG/DTG. The findings are discussed below. The XRD patterns for 
the decayed and reference mortars are reproduced in Fig. 3. The dif-
fractogram for the reference OPC contained signals indicative of sec-
ondary hydration products such as portlandite (Ca(OH)2), ettringite (e) 
(Ca6Al2(SO4)3(OH)12⋅26H2O), and the AFm phases hemicarboaluminate 
(Hc) (Ca8Al4CO16⋅22H2O) and monocarboaluminate (Ca4Al2(CO3) 
(OH)12⋅5H2O), as well as of anhydrous particles (primarily belite) pre-
sent in the original cement. Diffraction lines for calcite were also iden-
tified and attributed to both the mineral present in the anhydrous 
cement and the reaction between portlandite and atmospheric CO2. 
Despite the efforts made to separate the sand from the OPC paste, 
reflections attributable to quartz were observed in all samples. Even 
with traces of quartz in the enriched samples, rest of anhydrous clinker 
and several types of hydration products are perfectly identifiable. 
The pattern for the F/T-aged mortars was nearly identical to the trace 
for the reference, the sole difference being the absence of Hc. In contrast, 
the diffractogram for the W/D mortars varied substantially from the 
reference: no ettringite or AFm was detected, (which justify the increase 
in the total porosity observed by MIP) whilst a new poorly crystallised 
phase, katoite-hydrogarnet, with empirical formula Ca3Al2(SiO4)(OH)8, 
appeared. Crystallising in the cubic system, that phase is isostructural 
with katoite (Ca3Al2(OH)12), although with the replacement of four OH 
groups with one SiO4 group the unit cell size is smaller (12.5727 Å vs 
12.358 Å). The diffraction lines for this phase were shifted relative to 
those for pure katoite and their intensities differed. By way of example, 
the first reflection associated with this katoite-hydrogarnet (211) at 
around 2θ = 17.56◦ had a d value of 5.04 (at intensity 37), compared to 
5.13 in katoite (at intensity 90). In addition, the wide base of the re-
flections on the diffractogram for the former denoted poor 
crystallisation. 
No ettringite was detected in the Cl- aged sample and the only AFm 
phase observed was in the form of Friedel’s salt. Although ettringite is 
stable in a much wider range of sulfate concentrations than the salt, at 
high chloride concentrations the field of stability of the latter broadens, 
whilst that of ettringite and portlandite narrows. Ettringite destabilises 
at chloride concentrations over 5.658 mol/kg [40]. 
The outer (up to the carbonation front) area of the C-aged sample 
was much more highly carbonated than the inner. The substantially 
lower intensity of the portlandite diffraction lines confirmed that 
carbonation proceeded normally. Ettringite was identified in both areas, 
however in the external part the intensity of the reflections are lower 
than in the inner part, possibly indicating its partial deterioration due to 
the action of the CO2 [41]. Monocarboaluminate was detected in the 
inner area only (Fig. 3). 
The TG and DTG curves for the reference and the experimentally 
aged pastes are reproduced in Fig. 4(a) and Fig. 4(b) respectively. Per-
centage weight loss by temperature interval is given in Supplementary 
Material, along with portlandite and calcite content in per cent (Fig. 5). 
The data in the table are the estimated and consequently semi- 
quantitative result of recalculations performed to factor in the per-
centage of quartz found in the samples pursuant to the chemical attack 
described in the methodology (Supplementary Material). 
The TG curves (Fig. 4(a)) for most of the aged samples followed the 
same pattern as in the reference, the exception being the curve for the 
outer area of the sample exposed to carbonation. Total weight loss 
differed from one sample to another, however, with the highest value 
observed in the outer area of the carbonated mortar and the lowest in the 
W/D mortar (Table SP4). 
Some of the peaks on the DTG curves were similar in all the mortars 
(Fig. 4(b)). The signals located between 66 and 100 ◦C were associated 
with ettringite decomposition and the loss of free water and chemically/ 
physically bound water in hydrated products (mostly C-S-H gel) [41]. 
The intense peak at around 150 ◦C was attributed to the loss of water in 
the AFm phases detected with XRD (hemi- and monocarboaluminates) 
[41], whilst the signal at 446 ◦C was indicative of Ca(OH)2 dehydrox-
ylation (Ca(OH)2 → CaO + 2H2O) [42,43]. The group of signals at 600 to 
750 ◦C was associated with CaCO3 decarbonation (CaCO3 → CaO + CO2) 
[42,43]. The slight weight loss in the interval 750 ◦C to 1000 ◦C 
observed in all samples might be indicative of decarbonation of a highly 
crystallised calcite present in the anhydrous OPC (most of the curves had 
a low intensity peak at around 867 ◦C, possibly generated by calcite 
[41,42]). 
The highest percentage of portlandite was found for the F/T sample 
(Fig. 5). Although given the nature of the W/D procedure the respective 
specimens were expected to contain a similar amount of the mineral, the 
actual content was much lower than in the reference mortar. In light of 
the similarity of the percentage of CaCO3 in the W/D and reference 
samples, no carbonation seems to occur during W/D ageing. The sub-
stantial difference in portlandite content suggests that some of the 
compound may have solubilised during soaking. 
Furthermore, the peaks normally appearing between 60 and 150 ◦C 
associated with free water and physically/chemically bound water in 
hydrated OPC products (essentially C-S-H + AFm + Aft) were virtually 
absent in this group, an indication that wet/dry ageing had a heavy 
impact on these phases also. Three signals were detected in the W/D 
samples: one at 386 ◦C, (dehydroxylation of scantly crystallized katoite 
detected by XRD), a second at 446 ◦C (portlandite dihydroxylation) and 
a third at 714 ◦C (calcite decarbonation [41,42]). 
The signals at 116 and 317 ◦C on the DTG curve for the Cl- 
penetration-aged sample but not on the reference curve were attributed 
to the decomposition of Friedel’s salt [44]. The percentage of portlandite 
was slightly lower in this sample than in the reference (17.33 vs 
19.35 %). Friedel’s salt may form via dissolution/precipitation as a 
result of the reaction between sodium chloride, calcium hydroxide and 
aluminates (C3A) as in Equation (4):  
2NaCl + Ca(OH)2 + 3CaO.Al2O3 + 10H2O → 3CaO.CaCl2.Al2O3⋅10H2O +
2Na++2OH–                                                                                  (4) 
and/or of interaction with sulfoaluminate phases (ionic exchange 
between chlorides in the pore solution and the sulfate ions in hydrated 
monosulfoaluminate C3A⋅CaSO4⋅12H2O) [45]. As part of the portlandite 
was consumed and no AFm phases were detected, salt formation was 
attributed to a combination of the two processes. In the former, the OH– 
ions released during its formation would hinder calcium leaching, 
particularly at high NaCl concentrations such as used here (NaCl 
Table 3 
Uptake (g/m2) and Penetration depth (mm) of thee consolidant in the OPC 
mortars.  
Type of mortar Uptake (g/ 
m2) 
Estimated Penetration depth 
(mm) (1) 
OPC Reference (REF) 501.2 ± 85.5 ≤8 mm 
Freeze-Thaw (F-T) 2289.9 ± 52.2 ≤15 mm 
Wet-Dry (W-D) 467.3 ± 53.5 ≤8 mm 
NaCl Crystallization 
(NaCl) 
818.8 ± 113 ≤12 mm 
Carbonation (C) 652.0 ± 58.6 ≤5 mm 
Based on SEM analysis. 
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saturated solution) . In a recent paper Wang et al. [38] proved that the 
mechanical deterioration of specimens in NaCl solutions (0.5 wt (wt) % 
to 20 wt% of NaCl) was due to calcium leaching. In this study, however, 
where ageing was conducted in a supersaturated NaCl solution where 
portlandite loss resulting from calcium leaching was not significant, 
strength loss might be explained by internal microcracking induced by 
salt crystallisation. 
The carbonated samples exhibited the behaviour expected under the 
experimental conditions. The endo peak at 444 ◦C on the DTG curve 
associated with portlandite dehydroxylation was much less intense in 
the carbonated (outer) than the non-carbonated (inner) area of the 
sample (7.66% vs 17.90%, Fig. 5). The peak at 675 ◦C in the inner area 
associated with carbonate decalcification shifted to 729 ◦C in the outer 
area. That, together with the substantially greater intensity of the peak 
(from 15.98% to 43.15%) and the minor loss of water at temperature 
lower than 200 ◦C confirmed severe carbonation not only of Ca(OH)2 
but perhaps also of C-S-H gel and ettringite. 
In summary, depending on the type of deterioration process, the 
mortar microstucture (porosity and pore distribution) and mineralogy 
are very different. This would condition the interaction concrete 
substrate-impregnation treatment. 
3.2. Sol uptake in the mortar and feasibility of interaction with OPC 
hydration products 
Data on impregnation product uptake (g/m2) and estimated pene-
tration depth (mm) in both the reference and decayed OPC mortars are 
given in Table 3. As noted earlier, product penetration depth in the 
mortars was estimated via SEM analysis of sample cross-sections. The 
respective micrographs are reproduced in Supplementary Material. 
The SEM micrographs of the treated mortar cross-sections at lower 
magnification show in general a more compact/cohesive structure 
compared to their untreated counterparts, which gradually becomes less 
compact at deeper levels, down to a point where differences cannot be 
observed (corresponding to the values reported in Table 3). A similar 
behaviour, where the alkoxysilane-based product penetrates following a 
gradient, has also been observed by quantitative techniques (FTIR and 
XRF) on a homogeneous limestone substrate [46]. In addition to this 
possible concentration gradient, the influence of the aged mortars het-
erogeneity cannot be completely ruled out since qualitative analysis by 
SEM may not be sensitive enough to detect their chemical or porosity 
variations at different depths (i.e. the untreated mortars showed a 
similar aspect through the first 10 mm). It is worth mentioning that this 
same aspect limits the sensitivity of the method at detecting the product 
in larger depths. 
The SEM micrographs at higher magnification evidence the co- 
existence of various reaction products in the consolidated structure at 
different depths, as well as differences between the product interaction 
with aged mortars. In all mortars but the chloride-aged ones, the region 
closer to the surface presents dense particulate structures (part. Size <
100 nm), which are consistent with the structure of the SiO2 xerogels 
formed by auto-condensation of the product [19]. In the case of the 
reference mortar and chloride aged ones, needle-like and foil-like 
structures are observed, which could indicate the formation of C-S-H 
gel by reaction of the product with portlandite. At larger depths, other 
morphologies consistent with C-S-H gel can be distinguished (i.e. fibre- 
like, “Sheaf of wheat”, flake-like), as well as structures without a defined 
morphology, which may be associated to the amorphous reaction 
products of the product with other cementitious phases [21]. Anyways, 
the exact nature of the reaction products in the aged mortars cannot be 
accurately determined without additional techniques. The formation of 
different phases through the mortar depth can be associated to several 
factors: (1) differences in the exposure to moisture and water content in 
the pores. (2) The exact phase composition may vary with depth in the 
aged mortars. (3) As mentioned before, the product penetrates following 
a concentration gradient, which implies different the Ca/Si ratios in the 
pore solution, affecting the structure of the hydration products. 
A priori, high total porosity and large pore size diameter would be 
expected to favour product penetration and therefore the likelihood of 
Fig. 4. (a) TG and (b) DTG curves for aged samples (W-D: wet-dry; NaCl: NaCl crystallization ; F-T: freeze–thaw; Cout.: carbonation (outer area); Cin.: carbonation 
(inner area); REF: reference). 
Fig. 5. Estimated percentage (%) of portlandite and CaCO3 formed in 
decayed mortars. 
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its interaction with the mortar to form a more compact structure of SiO2 
and C-S-H gels. The lack of any straightforward relationship between 
total porosity and product penetration (supplementary material), how-
ever, appears to suggest that pore size distribution and the differences in 
mineralogical composition are more relevant factors. In mortars exposed 
to freeze/thaw ageing, the uptake was four- to five-fold higher than in 
the reference while penetration depth was estimated the double 
(Table 3), which is higher than expected if only the increase in total 
porosity is accounted for (c.a. 20%). This behaviour can be explained by 
the changes in pore size distribution, which resulted in a decrease of the 
smaller sizes (<100 nm) and the apparition of a large proportion in the 
1–10 µm range (See Fig. 2), which play a more prominent role in the sol 
absorption, as studied in previous works combining theoretical and 
experimental approaches [16]. In order to explain this trend it should be 
considered that, although the Laplace pressure, the driving force behind 
capillary suction, is inversely proportional to the pore radius, the 
opposing viscous drag forces (due to interactions with the pore wall) 
become more relevant for smaller pores, promoting a pressure drop 
inversely proportional to r2 (equations are presented in supplementary 
material). 
On the other hand, the wet/dry aged mortars, whose total porosity 
was practically as high as the freeze/thaw aged ones, presented no 
significant differences in uptake nor in penetration depth respect to the 
reference. One of the factors contributing to this behaviour is the 
different pore structure created by the ageing processes. Unlike the 
freeze–thaw ageing, the pores created after wet-dry cycles fell pre-
dominantly in the 0.1–1 μm range (See Fig. 2), where the contribution to 
the sol absorption is comparative low. Furthermore, although there is an 
increase in the 1–10 μm pores, their effect may be partially compensated 
by the drop observed in the slightly larger pores (10–50 μm). This in-
fluence of the pore size is in fact illustrated by the almost linear trend 
observed for the uptake respect to the % porosity in the micrometric 
range (Supplementary Material). Penetration depth values, on the other 
hand, present a more irregular behaviour that may be attributed to 
factors such as pore shape and the existence of preferential paths. 
Nevertheless, these changes alone would not sufficiently explain the 
low penetration/uptake values, especially considering that the total % 
porosity in the micron range is fairly similar to the reference mortar. A 
likely explanation lies on the mineralogical changes experienced by the 
mortar, which may modify the reactivity and interaction of the product 
with the substrate. More specifically, these changes may modify two 
critical parameters: (1) the surface energy of the mortar, which de-
termines the contact angle with the sol (i.e. cos θ in Eq. (5)), (2) the rate 
of the polymerization reactions, which determines at which point the sol 
stops being able to flow through the pores [47,48]. As presented in 
Table 4, the surface energy of the mortar increased with the ageing 
process, likely due to the lower amount of ettringite and portlandite, 
which present a lower surface energy than C-S-H gel [21]. This should 
decrease the contact angle and favour penetration. However, the 
observed gel time of UCA-T in the presence of the wet/dry aged mortars 
was faster than with the reference (Table 5). According to prior works 
[16], where we determined through a sensitivity analysis using Monte- 
Carlo method, that the relative influence of these two factors depends on 
the pore size, gel time plays a more prominent role on pores < 10 μm 
(the majority of the contributions in the wet-dry aged mortars). 
The chemically aged mortars, and in particular chloride aged sam-
ples, were penetrated more deeply than the controls (in line with the 
higher uptake values, See Table 4). In a similar fashion to the physically 
altered mortars, the minor increase in total porosity does not suffice to 
explain the penetration depths observed. Additionally, although the 
ageing process induced the formation of some pores in the 1–10 μm, the 
high penetration suggests that changes in composition and/or hydrated 
phase microstructure have indeed a higher influence. As seen in Table 4, 
the formation of polar phases such as Friedel’s salt promotes an increase 
in the surface energy, which is expected to favor penetration (i.e. de-
creases contact angle). Meanwhile, gel time is faster than the reference 
or even the wet-dry aged mortars. Nevertheless, in contrast with the wet- 
dry aged mortars, the contribution of > 10 μm pores is higher for the Cl- 
altered mortars. Coincidentally, our prior Monte-Carlo analysis [16] 
showed that, starting from this pore size, the influence of gel time 
quickly drops while the contact angle plays a more important role. 
The lower penetration observed in the carbonated mortars, on the 
other hand, could be mainly associated to their lower porosity, caused 
by partial blockage of the pores with precipitated calcite. These changes 
are especially evident near the surface, where the influence over capil-
lary absorption of the treatment is higher. In contrast with the mortars 
aged by wet-dry cycles, the influence of porosity seems to offset the 
contribution of mineralogical/composition changes for the carbonated 
mortars (i.e. their higher surface tension and lower pH should theoret-
ically increase penetration depth). 
Substrate microstructure is not the only parameter involved in the 
interaction with the treatment, however. Decay-induced changes in the 
mineralogy of the latter also play a role, as it has been discussed in this 
section. Mineralogical characterisation of the mortars revealed such 
changes, which included declines in portlandite content (XRD and TG/ 
DTG findings); the formation of new phases such as Friedel’s salt after Cl 
attack and katoite after wet/dry cycles; and the alteration of C-S-H gel 
chemical composition and nanostructure after carbonation. The pres-
ence or absence of these secondary cement hydration phases would 
condition not only the type of chemical interaction with the treatment 
and gelling kinetics, but also modify substrate surface energy, with the 
concomitant impact on product penetration. 
As the principle underlying these new treatments is their interaction 
with hydration products such as portlandite to form more C-S-H gel, the 
smaller the amount of portlandite (as in carbonated systems), the 
smaller the possible interaction with the treatment. The interaction 
mechanism would therefore be expected to differ: i.e., in the absence of 
portlandite the impregnation product might polymerise, releasing silica 
gel only and therefore behaving as in traditional substrates such as 
stone. Nonetheless, same authors have recently proved that such treat-
ments also interact with C-S-H gel in ways that would very likely differ 
depending on gel Ca/Si ratio and mean chain length (MCL)[21]. Other 
phases present, such as Friedel’s salt and katoite, might also interact 
with the impregnation treatment [21]. All these factors would condition 
both the degree of penetration and the penetration depth of the 
treatment. 
Table 4 
Surface energy of the reference and selected decayed mortars, measured by the 
sessile drop method on the cementitious matrix powders.  
Type of mortar γd (erg/cm2) γp (erg/cm2) γ (erg/cm2) 
OPC Reference (REF)  26.6  20.9  47.5 
Wet-Dry (W-D)  26.9  28.7  55.6 
NaCl Crystallization (NaCl)  27.0  31.9  58.9 
Carbonation (C)  27.2  42.2  69.4 
* γd: dispersive component; γd: polar component. 
Table 5 
Gel time of the UCA-T sol in presence of the cementitious matrix powders (0.07 g 
powder per ml).  
Type of mortar Gel time (h) b△t (%) 
OPC Reference (REF)  14.0  0.0 
Wet-Dry (W-D)  13.2  − 5.7 
NaCl Crystallization (NaCl)  12.7  − 10.5 
Carbonation (C)  14.8  5.6 
aUCA-T  16.0  12.5  
a Control, in absence of the mortar powders bRespect to gelification in pres-
ence of the OPC reference. 
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3.3. Evaluation of the porosity and mechanical strengths after the 
application of the impregnation treatment 
Assessment of post-treatment mortar porosity (Fig. 6) revealed a 
12 % to 30 % reduction, depending on mortar type and degree of decay, 
confirming the efficacy of the treatment in the outermost 5 mm. In 
contrast with the product uptake and penetration values, the steepest 
declines in total porosity were observed in the mortars aged by wet-dry 
cycles and carbonation. That apparent discrepancy might be attributable 
to the method used to analyse the samples. In all cases, MIP analysis was 
conducted in the outermost 4 mm to 5 mm of the mortar. In the W-D and 
carbonated samples, with lowest penetration and uptake, the product 
would concentrate predominantly near the surface. That effect was 
consistent with the SEM findings (Supplementary Material), where the 
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Fig. 6. Pore volume (%) in each pore size fraction before and after applying the treatment to the (a) reference (b) freeze–thaw (c) wet-dry (d) NaCl and (e) 
carbonated mortars. 
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structure in that zone of the W-D and C mortars was observed to be more 
compact than in the analogous zone in the freeze–thaw- and chloride- 
aged materials. 
Material porosity has been reported to be altered by the treatment 
due to the deposition of an active agent in the open pores, raising 
microporosity provided the macropores (>10 µm) are partially filled 
[49]. That in turn would favour a decline in resistance to freeze–thaw- 
prompted decay and salt crystallisation, for the smaller the pore size, the 
higher is crystallisation pressure [50]. The situation differed in the 
mortars treated here. On the whole, the pore volume of each range 
remained practically constant in the reference mortar, except for a 
decline in pore volume observed in the 0.1 µm to 0.01 µm range, cor-
responding to the capillary pores in the cementitious matrix (Fig. 6), and 
the one which represents the majority of the pore volume of this material 
(>80%). 
On the other hand, for all the aged mortars, a substantial reduction 
after treatment was observed for the sub-micrometric pores in the 1 µm 
to 0.1 µm range, aside from a decrease in the 0.1 µm to 0.01 µm ranges 
(Fig. 6) similar to the reference mortar. Contrary to expectations, a slight 
rise, which was particularly significant in the freeze–thaw- and chloride- 
aged mortars, was observed in the proportion of the largest pores in 
some cases, especially in the 10 µm to 100 µm range. 
In particular, pores in the 1 µm to 0.1 µm fraction appeared to be the 
ones predominantly filled by the alkoxysilane-based impregnation 
treatment on all aged mortars. This observation is consistent with the 
behaviour of alkoxysilane-based products on porous rocks, where a 
number of authors found that their effect was greater in pores ~ 1 µm 
than in those smaller or larger [51,52]. Similar behaviour was observed 
by Barberena et al. [53,54] in cement mortars consolidated with TEOS 
products. Those authors reported TEOS-based treatments to reduce 
capillary porosity in mortar, in particular the smallest such pores (1 µm 
to 0.01 µm), most effectively. These observations can be partially 
explained by the behavior of the pores regarding capillary absorption 
[16]. The larger pores generally have a low contribution towards the 
product absorption, since capillary forces (i.e. Laplacian pressure) are 
inversely proportional to pore radius. On the other end, the absorption 
in extremely small pores is hindered by the interactions with the pore 
wall (i.e. viscous drag forces). In addition to the aforementioned factors, 
the small size makes this pores more susceptible to be blocked/filled by 
the reaction products. 
That reduction in the proportion of the smallest pores would favour 
pore structure refinement (as a result of physical filling [55]) and 
consequently enhance durability by obstructing the diffusion of 
aggressive ions. 
Another noteworthy observation is that most of the mortars exhibi-
ted a minor rise in pore volume in the < 0.01 µm range (C-S-H gel pores: 
Fig. 6), possibly resulting from the C-S-H formed as a reactio products 
between the alkoxysilane and portlandite [53]. In contrast, this effect 
was not observed for the carbonated mortars, as the proportion of por-
tlandite in them and the pH are significantly lower. Barberena et al. 
[53,54] recorded similar results for mortars consolidated with TEOS, 
nanosilica and lime. 
The final pore size distributions of the treated mortars (Fig. 7) may be 
attributed to how the product penetrates through the materials and the 
structure observed in the cross-section cuts by SEM (Supplementary 
Material). On the one hand, the contribution of the smallest pores 
(<0.01 μm) follows a similar trend as the uptake, which is consistent 
with presence of the reaction products with pores in that range (i.e. C-S- 
H gel, SiO2 xerogel…). On the other hand, the porosity of the chloride 
and freeze–thaw aged mortars in the 0.01–1 μm range is lower than for 
the wet-dry aged ones. Taking into account that this pore ranged is 
where a highest decrease was observed, these observations are in line 
with the trend observed for product uptake. 
For the reference mortar, however, the pore volume distribution is 
shifted towards the 0.01–0.1 μm region, which is expected considering 
the scarce presence of larger pores in the untreated mortar. 
The larger pores (>1 μm), however, follow the opposite trend 
compared to the smaller ones, showing a higher proportion on the 
mortars where the product presented higher uptake (freeze–thaw and 
chloride). This can be explained considering that their larger size makes 
them less susceptible to blockage by the reaction products, in line with 
the structure observed in the SEM micrographs (Supplementary mate-
rial) where larger voids are visible for the treated freeze–thaw and 
chloride aged mortars. 
The lower porosity and higher cohesion manifested as a general in-
crease in the mechanical strength (flexural and compressive) of the 
mortars (Fig. 1(a) and (b) respectively), although the trend cannot be 
described solely in terms of product penetration nor total porosity 
reduction. Flexural and compressive strength variations showed a 
similar behavior, although the former was noticeably more affected by 
the application of the treatment, likely because it is more affected by the 
contact between zones of different properties (i.e. the interior is less 
altered than the interior) and their tendency towards crack propagation 
[56]. With the exception of the freeze–thaw aged mortars (where no 
significant increase was observed), penetration depth/uptake of the 
product promoted a higher increase of the mechanical strength, with 
moderate increases for the carbonated and wet-dry specimens and a 
significant increase in the flexural strength of the reference and chloride 
aged ones (recovering the strength of the original material in the latter). 
In these cases, a higher proportion of the product is expected to increase 
the cohesion of the material, as the reaction products are able to form 
chemical bonds with the cementing phases [19] and/or the siliceous 
aggregate [7], and the presence of larger pores is relatively small. In 
contrast, the freeze–thaw aged mortars did not experience significant 
strength changes after the treatment despite the high penetration and 
uptake values. As previously discussed, freeze–thaw ageing causes 
physical damages manifested as the formation of larger pores (>10 μm) 
and 0.1–0.3 mm cracks and (Supplementary Material), which severely 
affect the mechanical strengths. After the treatment, the product filled 
the smaller pores more effectively while it has a lower efficiency at 
filling the > 10 μm pores and said cracks, which are the main cause of 
the low mechanical performance of the mortar. The low (non-signifi-
cant) increase in compressive strength of the carbonated mortar, on the 
other hand, can be attributed to the lower product penetration and the 
already high resistance of the untreated material. 
4. Conclusions 
The consolidant effect of the impregnation treatment has been 
evaluated through its ability to fill the pores of the mortars and its 
Fig. 7. Pore volume (%) in each pore size fraction after applying the treatment 
to the Reference, Freeze-Thaw, wet-dry, NaCl crystallization and carbon-
ated mortars. 
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modification of their mechanical properties, two of the factors which 
prevent, respectively, the ingress of decay agents in the structure and the 
damages associated with their action mechanisms. As expected, changes 
in the microstructure but also in the mineralogy of mortars, consequence 
of the decay process, condition the degree of uptake and the penetration 
depth of the treatment in the substrate.  
• The alkoxysilane-based treatment effectively consolidates OPC 
mortars, reducing total porosity and raising mechanical strength due 
to the formation of a SiO2 gel and hydration products (e.g. C-S-H gel) 
inside the pore structure. However, the results from the freeze–thaw 
aged mortars show that consolidating effectiveness is severely 
decreased for materials with wider cracks (0.1–0.3 mm).  
• Impregnation product uptake and depth of penetration is higher in 
the mortars where the ageing processes generates pores in the 0.1–1 
μm range (i.e. freeze–thaw and chloride ingress), rather than the 
ones with a higher total porosity. This behavior is associated to the 
balance between capillary and viscous drag forces. Conversely, the 
pore volume reduction predominantly occurs by filling of the pores 
in the 1 µm to 0.1 µm range by the alkoxysilane-based product.  
• Pore structure alone does not fully explain product uptake and 
penetration for all altered mortars, as the mineralogical changes 
caused by some ageing processes modify key parameters involved in 
capillary absorption. More specifically, the presence or absence of 
secondary cement hydration products such as portlandite or AFm 
phases and apparition of new phases (e.g. calcite from carbonation or 
Friedel’s salt from chloride ingress) modifies the surface tension of 
the solid, which determines the contact angle of the liquid with the 
pore wall. On the other hand, the changes in pH associated to these 
mineralogical changes affect the kinetics of the product 
polymerization. 
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